1. Background {#sec1-cancers-12-02330}
=============

Head and neck squamous cell carcinoma (HNSCC) is characterized by inter- and intra-tumorigenic heterogeneity \[[@B1-cancers-12-02330]\] with a variable response to therapy and a high rate of treatment failure. Therefore, overall survival at 5 years varies between 40% and 52% \[[@B2-cancers-12-02330],[@B3-cancers-12-02330]\]. Besides tobacco and alcohol consumption, infection with high-risk types of human papillomavirus (HPV), in particular HPV 16, is a risk factor for oropharyngeal squamous cell carcinoma (OPSCC) \[[@B4-cancers-12-02330]\]. HPV-driven OPSCC has been characterized as a distinct clinical and molecular entity \[[@B5-cancers-12-02330],[@B6-cancers-12-02330]\]. Reliable molecular biomarkers for early detection of primary and recurrent tumors, as well as prediction of treatment response, in HNSCC are sparse. Therefore, patient stratification into an effective, personalized treatment regimen remains challenging \[[@B7-cancers-12-02330]\]. Hence, there is an unmet need for predictive assays not only for ex ante analysis of the individual patient's response to standard therapies, but also to investigate the therapeutic efficacy of novel drugs.

One essential requirement for adequate tumor models ([Table S1](#app1-cancers-12-02330){ref-type="app"}) is the maintenance of the pathophysiological tissue composition since tumorigenesis is governed by complex tumor--matrix interactions \[[@B8-cancers-12-02330],[@B9-cancers-12-02330],[@B10-cancers-12-02330],[@B11-cancers-12-02330]\]. Recently introduced HNSCC organoids from patient-derived cell lines are exclusively based on tumor cells and do not maintain the original microenvironment of the tumor \[[@B12-cancers-12-02330]\]. Patient-derived animal models (PDX models) often show little histological similarity to the initial tumor \[[@B13-cancers-12-02330]\], due to concomitant changes in genetic and epigenetic profiles \[[@B14-cancers-12-02330],[@B15-cancers-12-02330]\]. In particular, the establishment of HPV-driven HNSCC cell lines \[[@B16-cancers-12-02330],[@B17-cancers-12-02330]\] and HPV-induced HNSCC xenografts \[[@B18-cancers-12-02330],[@B19-cancers-12-02330]\] still encounters substantial technical challenges. We previously established an ex vivo tissue culture model for non-HPV-driven HNSCC which preserves the structural architecture and the tumor microenvironment \[[@B20-cancers-12-02330],[@B21-cancers-12-02330]\]. The relatively short cultivation period of this model limited the access to resistant tumor cells after in vitro treatment. Furthermore, it was not feasible to analyze cancer cell invasion and dissemination into surrounding tissue. A promising approach to overcome these limitations are organotypic co-culture models (3D-OTC). The OTC technology was previously developed to elucidate physiologic processes of the skin \[[@B22-cancers-12-02330],[@B23-cancers-12-02330],[@B24-cancers-12-02330]\]. Here, we adopted this model to culture fresh HNSCC tumor explants. This preclinical tumor model allows cultivation of cancer slices for up to 21 days in their original tumor microenvironment and investigation of the clonal expansion of resistant cancer cells upon treatment. The 3D-OTC might serve as an ideal platform to predict tumor behavior, response to treatment, and to stratify individuals who might benefit from established therapies as well as from new concepts of precision medicine.

2. Materials and Methods {#sec2-cancers-12-02330}
========================

2.1. Patient Collective {#sec2dot1-cancers-12-02330}
-----------------------

Thirteen patients with primary HNSCC were included in this study. Samples were obtained at the Departments of Otorhinolaryngology, Head and Neck Surgery and the Department of Maxillofacial Surgery, Heidelberg University Hospital during surgical resection. Informed consent for tissue culture and data collection was obtained from all patients after review by the ethics board of the Medical Faculty of Heidelberg University (S-206/2011) in accordance with the declaration of Helsinki. Exclusion criteria were distant metastases, as well as previous head and neck irradiation. The cohort comprised different tumor localizations. Five oropharyngeal carcinomas and one hypopharyngeal carcinoma were HPV-driven (p16^INK4a^+ and HPV DNA+) ([Figure S1](#app1-cancers-12-02330){ref-type="app"}).

2.2. Preparation of Dermal Equivalents (DEs) {#sec2dot2-cancers-12-02330}
--------------------------------------------

To create the dermal equivalent (DE), human fibroblasts were cultured on a viscose fiber fabric, that was punched in circles of 11mm in diameter and autoclaved in advance. These constructs grew in 12-well plates with hanging inserts in DMEM medium (4g glucose/l//Ham's F12: 1:1 (500 mL + 500 mL), 10% FCS, 2% Pen/Strep, hydrocortisone (400 µg/L), ascorbic acid (50 µg/mL), aprotinin (250 E/mL)) \[[@B24-cancers-12-02330],[@B25-cancers-12-02330],[@B26-cancers-12-02330]\] for up to 14 days prior to tumor cultivation, allowing fibroblasts to produce extracellular matrix and hence form solid tissue matrices (DEs).

2.3. HNSCC Tissue Preparation and Culture of 3D-OTC {#sec2dot3-cancers-12-02330}
---------------------------------------------------

After surgical resection, fresh tissue HNSCC samples were procured immediately and transported to the laboratory within 30 min after resection. Fresh tissue slices of approximately 3 mm thickness were cut with a scalpel and carefully placed on top of the DEs. Samples were cultivated in medium, consisting of 44% DMEM (Bio Whittaker BE 12-604FMB100, \#880010, Lonza, Basel, Switzerland), 44% Ham's F12 medium with L-Glutamine (Biozym BE12-615F7MB006, Art.-Nr.: 880074, Lonza, Basel, Switzerland), 10% fetal bovine serum (Sigma Aldrich, St. Louis, MO, USA), 2% Penicillin/Streptomycin (Biochrom AG, Berlin, Germany \#A2213), and 400 µg/L hydrocortisone (H0888-10G, Sigma-Aldrich, St. Louis, MO, USA), supplemented with (1:200) aprotinin (A162.4, Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and (1:2000) ascorbic acid (49752, Sigma-Aldrich, St. Louis, MO, USA). The OTC's viability was checked daily macroscopically, and media were changed every third day. Part of the unprocessed tumor tissue was immediately formalin-fixed and paraffin-embedded on the day of tumor resection as a control for further experiments. On days 7, 14, and 21, consecutive samples were collected, fixed and embedded in paraffin.

2.4. Fractionated Irradiation of 3D-OTC {#sec2dot4-cancers-12-02330}
---------------------------------------

After having established the 3D-HNSCC-OTC for the first eight specimens of the cohort, the subsequent five samples (non-HPV-driven, *n* = 2; HPV-driven, *n* = 3) were cultured for 5 days without any treatment, and on the sixth day we started daily irradiation (2 Gy) for 5 days using X-RAD 320 (Precision X-Ray, North Branford, CT). OTCs of control cultures were mock-treated, thus kept under the exact same culture conditions without treatment of fractionated irradiation and harvested at the same timepoint (day 14) as treated samples. Treated samples were fixed 96 h after the last fraction of irradiation (day 14) ([Figure S6](#app1-cancers-12-02330){ref-type="app"}).

2.5. Histological, Immunohistochemical and Immunofluorescence Analysis {#sec2dot5-cancers-12-02330}
----------------------------------------------------------------------

For histological characterization and depiction of morphological integrity, 5-µm-thick sections were stained with hematoxylin solution modified according to Gill III (Merck KGaA, Darmstadt, Germany) and eosin (Karl Roth GmbH). Immunohistochemical (IHC) analysis was performed as previously described \[[@B27-cancers-12-02330]\]. Primary and secondary antibodies are shown in [Table S2](#app1-cancers-12-02330){ref-type="app"}. Anti-pan-cytokeratin (PanCK) antibody was applied as an epithelial marker. Proliferation was assessed by an anti-ki-67-antibody, apoptosis by an anti-cleaved caspase-3-antibody. We used the pan-leucocyte marker CD45 for identification of immune cells. p16^INK4a^ expression levels were analyzed in all oropharyngeal HNSCC and samples that were defined as p16^INK4a^-positive during routine diagnostics at the Pathology Department in Heidelberg. Likewise, p16^INk4a^ IHC was performed on the OTC samples.

In order to evaluate growth patterns of tumor cells and integrative tissue components, i.e., fibroblasts, co-immunofluorescence (IF) staining for PanCK and vimentin was performed in all samples. Nuclear staining was performed with DAPI dihydrochloride (D9542 Merck KgA). For further analysis of cancer-associated fibroblasts (CAF) within 3D-HNSCC-OTC, co-IF staining for ∝smooth muscle actin (∝SMA) and vimentin was conducted with DAPI dihydrochloride.

2.6. Detection of HPV DNA {#sec2dot6-cancers-12-02330}
-------------------------

Detection of HPV DNA was performed by PCR using BSGP5+/6+ primers \[[@B28-cancers-12-02330]\] that target a consensus region within the viral L1 gene followed by gel electrophoresis allowing for visualization and analysis of the amplified products.

2.7. Analysis of Tumor Cell Proportion {#sec2dot7-cancers-12-02330}
--------------------------------------

We used a semiquantitative method in order to evaluate the tumor cell proportion for primary tumors and 3D-OTC. Cells strongly expressing PanCK were considered as tumor cells and thus, the percentage of cells per visual field, expressing PanCK, was estimated as tumor cell proportion. After analysis of 3--5 visual fields including areas of highest and lowest proportion by two independent observers, mean values and respective standard errors of the mean were calculated and plotted for all tumors and timepoints.

2.8. Analysis of Proliferation Indices {#sec2dot8-cancers-12-02330}
--------------------------------------

Proliferation indices were determined by a semi-quantitative visual method. Tumor cells were considered positive for ki-67 only when clear nuclear staining was detected. The percentage total of positive neoplastic nuclei was estimated after analyzing 3--5 visual fields including areas of highest and lowest positivity. The evaluation was performed by three independent observers. Median values and respective quartiles and ranges of each sample were calculated and plotted. Data point mean values for each tumor and respective timepoint were plotted, standard errors of the mean were calculated and depicted with error bars.

2.9. Analysis of the Immune Cell Proprtion {#sec2dot9-cancers-12-02330}
------------------------------------------

Evaluation of the presence and proportion of vital immune cells was performed by a semiquantitative scoring method. Those cells strongly expressing CD45 and showing nuclei as morphological characteristic of viability were considered as vital immune cells. The proportion of vital immune cells per vision field was divided into negative (0, 0%), low (1, 1--33%), moderate (2, 33--66%) and high (3, 66--100%). Scores were evaluated for 3--5 visual fields including areas of highest and lowest immune cell proportion by two independent observers. Median values and respective standard errors of the mean were calculated and plotted for each tumor and timepoint.

3. Results {#sec3-cancers-12-02330}
==========

Thirteen HNSCC samples were cultivated on dermal equivalents for up to 21 days ([Figure S1](#app1-cancers-12-02330){ref-type="app"}). 3D-HNSCC-OTC were harvested for all 13 HNSCC on day 7 and day 14 respectively. For 7 out of 13 HNSCC samples, one additional 3D-HNSCC-OTC was harvested on day 21. A total of 6 out of 13 HNSCC were cultivated for up to 14 days, due to a pilot phase, in which the experimental setting was designed for 14 days of cultivation (HNSCC1, 2 and 3), detachment of DE (HNSCC10), suspicion of contamination (HNSCC11) or small tumor mass and thus limited material for tissue explants (HNSCC13). After formalin fixation and paraffin embedding, tissue sections were analyzed for proliferation, apoptosis, HPV status (DNA detection and p16^INK4a^ IHC), and post-radiogenic features ([Figure 1](#cancers-12-02330-f001){ref-type="fig"}).

Nine samples were stained for p16^INK4a^ expression during routine diagnostics by the Department of Pathology and 6/9 showed strong and diffuse nuclear and cytoplasmic staining in ≥70% of the tumor. Those six were later confirmed to be HPV-driven by DNA analysis. In the following sections, results for HPV non-driven samples (*n* = 7) are presented separately from HPV-driven HNSCC (*n* = 6).

3.1. D-OTC Models from Non-HPV-Driven Tumors {#sec3dot1-cancers-12-02330}
--------------------------------------------

### 3.1.1. Cancer Cell Viability, Proliferation, and Apoptosis of Non-HPV-Driven HNSCC {#sec3dot1dot1-cancers-12-02330}

The first objective was to detect whether tumor-inherent morphological characteristics were maintained in the 3D-OTC model over time. To assess histological and cellular features, hematoxylin and eosin (H&E) staining was performed and PanCK expression was analyzed by IHC staining on tissue sections from 3D-OTC and primary tumor samples they were derived from. IHC and H&E results confirmed comparable histological and morphological characteristics between primary non-HPV-driven tumors and 3D-OTC over a time period of at least 14 days ([Figure 2](#cancers-12-02330-f002){ref-type="fig"}). The percentage of PanCK positive cells, considered as tumor cell proportion, was stable over time ([Figure 2](#cancers-12-02330-f002){ref-type="fig"}C). Moreover, proliferative activity of cancer cells as determined by ki-67 expression was maintained for up to 21 days in 3D-OTC cultures in all samples ([Figure 3](#cancers-12-02330-f003){ref-type="fig"}). We observed a minor to moderate reduction in the proliferative index in six out of seven OTC samples on day 7 as compared to the primary tumors (mean reduction (MR)---28.67%). Subsequently, the proliferation index remained stable during culture (MR(3D-OTC d14 to d7) + 0.52%, MR(3D-OTC d21 to d14) + 10.34% ([Figure 3](#cancers-12-02330-f003){ref-type="fig"}B,C). In order to analyze the rate of apoptosis over time, we performed IHC for cleaved caspase-3 expression on two non-HPV-driven OTC samples. There was a moderate increase in apoptotic tumor cells in both 3D-OTCs as compared to matched primary tumors ([Figure S2](#app1-cancers-12-02330){ref-type="app"}).

### 3.1.2. Motility and Invasiveness of Non-HPV-Driven HNSCC {#sec3dot1dot2-cancers-12-02330}

Migration patterns at the invasive tumor front (ITF) are known to impact on clinical behavior of HNSCC. Hence, we aimed to address whether the 3D-OTC model allows assessment of tumor cell motility and invasion at different time points. We identified three distinct growth patterns concerning cancer cell motility on day 14. The invasive growth pattern (*n* = 2) was characterized by scattered small irregular clusters of tumor cells invading the DE. Expansively growing samples (*n* = 2) showed horizontal tumor cell spreading along the top of the DE. Silently growing HNSCC (*n* = 3) showed neither invasion nor expansion but exhibited vital tumor tissue over time. ki-67 IHC displayed strong positivity of invasive HNSCC cells. Co-IF staining of PanCK and vimentin showed an ongoing stable expression of cytokeratin until day 21, even within the highly invasive tumor front ([Figure 4](#cancers-12-02330-f004){ref-type="fig"}).

### 3.1.3. Cancer-Associated Fibroblasts in Non-HPV-Driven HNSCC {#sec3dot1dot3-cancers-12-02330}

As the tumor microenvironment (TME) plays an important role in tumor behavior, progression and metastasis, we aimed to detect CAF in 3D-HNSCC-OTC in order to evaluate whether this model is suited for further TME analysis. Therefore, we performed a co-IF with an anti-∝SMA and an anti-vimentin antibody for the two invasively growing 3D-HNSCC-OTC of non-HPV-driven HNSCC (HNSCC1 and HNSCC7) and according primary tumors. Within the intratumoral proportion of the 3D-HNSCC-OTC planted on top of the DE ∝SMA, positive cells were detected for up to 14 and 21 days (see [Figure 5](#cancers-12-02330-f005){ref-type="fig"}b,c,g,j,m and [Figure S9a,b](#app1-cancers-12-02330){ref-type="app"}). In general, the DE-inherent human fibroblasts did express only vimentin and no ∝SMA in 3D-HNSCC-OTC. However, those fibroblasts in the DE that were adjacent to regions with infiltrating tumor cells started to express ∝SMA on day 14 (HNSCC1) and day 21 (HNSCC7) ([Figure 5](#cancers-12-02330-f005){ref-type="fig"}l) in the two invasively growing 3D-HNSCC-OTC.

### 3.1.4. Expression of CD45 as a Pan-Leukocyte Marker in Non-HPV-Driven HNSCC {#sec3dot1dot4-cancers-12-02330}

The infiltration of tumor and stroma with immune cells was assessed by CD45 immunohistochemical staining of both non-HPV-driven (*n* = 7) and HPV-driven (*n* = 6) (see [Section 3.2.4](#sec3dot2dot4-cancers-12-02330){ref-type="sec"}) HNSCC. We aimed to determine whether infiltration levels were stable during cultivation and consistent in primary tumor and 3D-OTCs. Expression levels were divided into negative (0), low (1), moderate (2) and high (3) expression ([Figure 6](#cancers-12-02330-f006){ref-type="fig"}A). Primaries of non-HPV-driven HNSCC showed low immune cell proportions, that remained stable during culture in 3D-OTC (see [Figure 6](#cancers-12-02330-f006){ref-type="fig"}B,D).

3.2. D-OTC Models from HPV-Driven Tumors {#sec3dot2-cancers-12-02330}
----------------------------------------

### 3.2.1. Cancer Cell Viability, Proliferation, and Apoptosis of HPV-Driven HNSCC {#sec3dot2dot1-cancers-12-02330}

Six 3D-OTC models were generated from HNSCC, thereof five OPSCC, with strong and diffuse nuclear and cytoplasmatic expression of p16^INK4a^ in more than 70% of the tumor cells as determined during pathological routine examination by IHC. All six p16^INK4a^ overexpressing HNSCC were tested positive for HPV DNA in their primaries as well as in the 3D-OTC at day 14.

Three 3D-OTC displayed comparable tumor morphology at day 14 with matched primary HNSCC (HNSCC4, HNSCC8 and HNSCC13). However, two samples, HNSCC10 and partly HNSCC9, displayed morphological changes and altered tumor cell integrity after 14 days. 3D-OTCs derived from one tumor (HNSCC5) harbored only few tumor cells growing in the 3D-OTC at day 14 and 21, detected by PanCK staining ([Figure 7](#cancers-12-02330-f007){ref-type="fig"}). The percentage of PanCK-positive cells, considered as tumor cell proportion, was evaluated by a semiquantitative method. The evaluation verified the above-mentioned reduction of tumor cells of HNSCC5, whereas the remaining five 3D-OTC of HPV-driven HNSCC were stably expressing PanCK over time ([Figure 7](#cancers-12-02330-f007){ref-type="fig"}C). HPV-driven samples were examined for expression of ki-67. All tumors presented ongoing ki-67 expression up to day 21. Moreover, proliferation indices were examined analogous to non-HPV-driven samples. We observed a moderate mean reduction of proliferation index on day 7 compared to primary (MR= −17.22%), subsequent stable proliferation until day 14 (MR(3D-OTC d14 to d7): −0.00%) and further reduction of proliferation until day 21 (MR(3D-OTC d21 to d14): −17.59%) ([Figure S3](#app1-cancers-12-02330){ref-type="app"}). Cleaved caspase-3 IHC was performed for three (*n* = 3) HPV-driven HNSCC (HNSCC9, HNSCC10 and HNSCC13) for primary and 3D-OTC, revealing a strong increase of the apoptosis marker over time in two (*n* = 2/3) HNSCC (HNSCC9 and HNSCC10) and stable cleaved caspased-3 expression in one (*n* = 1/3) sample (HNSCC13) ([Figure S4](#app1-cancers-12-02330){ref-type="app"}). IHC staining confirmed consistent p16^INK4a^ overexpression over time in four out of six HPV-driven 3D-OTC. In two HPV-driven 3D-OTC generated from HNSCC8 and HNSCC9, p16^INK4a^ staining intensity was decreased on day 14 ([Figure 8](#cancers-12-02330-f008){ref-type="fig"}).

### 3.2.2. Motility and Invasiveness of HPV-Driven HNSCC {#sec3dot2dot2-cancers-12-02330}

We analyzed growth patterns in all six samples of the HPV-driven subgroup as well. Three tumors displayed expansive, and three tumors silent growth patterns, thereof HNSCC5, harboring few remaining tumor cells, as well as HNSCC10, displaying entirely altered tumor cell morphology. HNSCC9, showing only partly altered cell morphology, presented apart from this an extensive expansion-front and was thus ranged among the expansively growing tumors. Interestingly, none of the HPV-driven tumors could be classified as invasive type, in contrast to 3D-OTC from non-HPV-driven samples ([Figure S5](#app1-cancers-12-02330){ref-type="app"}).

### 3.2.3. Cancer-Associated Fibroblasts in HPV-Driven HNSCC {#sec3dot2dot3-cancers-12-02330}

In order to evaluate CAF we also performed a co-IF with an anti-∝SMA and an anti-vimentin antibody for two 3D-HNSCC-OTC of HPV-driven HNSCC (HNSCC9 and HNSCC13) and respective primary tumors. We detected an ongoing expression of ∝SMA within the intratumoral fibroblasts in 3D-OTC for up to 21 days ([Figure S9c--f](#app1-cancers-12-02330){ref-type="app"}).

### 3.2.4. Expression of CD45 as a Pan-Leukocyte Marker in HPV-Driven HNSCC {#sec3dot2dot4-cancers-12-02330}

Analogical to non-HPV-driven HNSCC, we performed CD45 immunohistochemical staining on HPV-induced primaries and 3D-OTCs and further semiquantitative scoring of the immune cell proportion. Not surprisingly, as most of those tumors originate from the tonsils, primaries of HPV-induced HNSCC were scored higher than primaries of non-HPV-induced HNSCC ([Figure 6](#cancers-12-02330-f006){ref-type="fig"}B,C). All HPV-induced 3D-OTCs presented vital immune cells up to day 21. However, a slight to moderate reduction in the scoring values over time was detected for HPV-driven 3D-OTC (see [Figure 6](#cancers-12-02330-f006){ref-type="fig"}E). Moreover, we observed the presence of CD45-positive regions without morphologically correlating nuclei in 3D-OTC, indicating an in-part death of immune cells.

3.3. Fractionated IR of 3D-OTCs {#sec3dot3-cancers-12-02330}
-------------------------------

In order to exemplify the feasibility of a treatment regime, we applied fractionated IR (daily dose of 2 Gy) to five 3D-OTC (*n* = 2 non-HPV-driven, *n* = 3 HPV-driven) models for 5 days ([Figure S6](#app1-cancers-12-02330){ref-type="app"}). Samples were harvested 4 days after treatment. HPV DNA was detected in all three HPV-driven HNSCC on day 14 after fractionated irradiation. Analysis of p16^INK4a^ expression was performed by IHC staining and displayed in those three samples comparable results to non-irradiated 3D-OTCs of respective primaries on day 14 ([Figure 7](#cancers-12-02330-f007){ref-type="fig"}). Irradiation-induced apoptosis (cleaved caspase-3) and proliferation (ki-67) were analyzed by IHC staining of consecutive tissue sections ([Figure S7](#app1-cancers-12-02330){ref-type="app"}). As compared to mock-treated controls, irradiated samples revealed heterogeneous proliferation indices in terms of slight increase or decrease of ki-67. Mean overall reduction (MR) of proliferation index, comparing 3D-OTC on day 14 with and without applied fractionated IR, showed stable ki-67 expression after fractionated irradiation (MR = +0.22%), likewise regarding the non-HPV-driven subgroup (MR(3D-OTC d14+fractionated IR to d14 control) = −5.28%) as well as the HPV-driven subgroup (MR(3D-OTC d14+fractionated IR to d14 control) = +3.89%). We investigated post-radiogenic induction of apoptosis by evaluating the expression of cleaved caspase-3 in comparison with mock-treated controls. Interestingly, we were able to observe different responses to irradiation among the five irradiated samples. Three tumors (HPV-driven HNSCC9, non-HPV-driven HNSCC11 and non-HPV-driven HNSCC12) showed similar patterns of cleaved caspase-3 expression in the untreated sample and after irradiation, while in two tumors, (HNSCC10 and HNSCC13, both HPV-driven) apoptotic cells increased after fractionated IR). Non-apoptotic tumor cells were found in clusters. ([Figure S8](#app1-cancers-12-02330){ref-type="app"}).

3.4. Correlation of Patient Relapse and Growth Patterns of 3D-HNSCC OTC {#sec3dot4-cancers-12-02330}
-----------------------------------------------------------------------

Routine follow-ups were performed for all patients (*n* = 13) to date for up to 32 months. To our knowledge, at present, all patients are alive. An overview of the clinical data as well as the treatment details is given in [Table S3](#app1-cancers-12-02330){ref-type="app"}.

The TNM Classification for Malignant Tumors ranged between T1 (*n* = 1), T2 (*n* = 7), T3 (*n* = 2), and T4 (*n* = 3). Seven patients were harboring lymph node metastases, however, no patient was suffering from distant metastases. One patient (HNSCC12) suffered additionally from a lung malignancy, diagnosed a few months after surgery. The patients were treated according to the guidelines for head and neck cancer with modifications if necessary due to individual conditions of the patients.

One patient (*n* = 1/13; HNSCC1) developed local relapse. The corresponding 3D-OTC of HNSCC1 showed an invasive growth pattern. The initial tumor stage was classified as T3N1M0 and the patient underwent tumor resection and neck dissection followed by adjuvant fractionated radiotherapy with a total dosage of 54 Gy. The PFS (progression-free survival) for this patient was 17 months, overall survival (OS) was 32 months. The relapse was treated by revision surgery. The patient has remained disease-free ever since.

4. Discussion {#sec4-cancers-12-02330}
=============

Suitable preclinical models for sensitivity testing are a key prerequisite for the establishment and optimization of innovative therapeutic concepts for a tumor entity such as HNSCC with a pronounced inter- and intra-tumorigenic heterogeneity \[[@B29-cancers-12-02330],[@B30-cancers-12-02330]\]. We developed a novel 3D-OTC model for head and neck cancer as an improvement of previously established ex vivo tumor cultures \[[@B20-cancers-12-02330],[@B21-cancers-12-02330]\]. While maintaining physiological tumor--stroma interactions and morphological phenotype, the model allows the characterization of several growth patterns of non-HPV-driven HNSCC samples for up to 21 days. For HPV-driven HNSCC we observed a reduction of tumor cells in one out of six samples (15%) and thus maintenance of tumor tissue in 85% (5/6) of the 3D-OTC and the morphological phenotype was maintained in three out of these five samples (50%) for up to 21 days. For exemplarily applied fractionated irradiation, we demonstrated furthermore the feasibility of treatment testing and response evaluation.

Existing preclinical models for HNSCC such as cell cultures of immortalized tumor cells, conventional or patient-derived xenograft animal models, ex vivo models and recently developed organoids have been introduced during the past decades. All these models have a value for HNSCC research, however none of the existing models can fulfil all the requirements. It is well known that cancer cell lines undergo genetic alterations \[[@B31-cancers-12-02330],[@B32-cancers-12-02330]\] and the success rate of establishing HNSCC cell lines is favored by advanced or metastatic tumor stage and recurrence \[[@B33-cancers-12-02330]\]. This results in a high selective pressure \[[@B34-cancers-12-02330],[@B35-cancers-12-02330],[@B36-cancers-12-02330]\], and thus the intertumoral heterogeneity cannot be depicted entirely. Moreover, success rates in the establishment of HPV-positive HNSCC cell lines are even lower \[[@B17-cancers-12-02330],[@B37-cancers-12-02330]\] and compared to the multitude of established non-HPV induced HNSCC cell lines, only few HPV-driven cell lines exist \[[@B16-cancers-12-02330]\].

Conventional mouse xenograft models \[[@B38-cancers-12-02330]\] as well as patient-derived xenograft (PDX) models \[[@B39-cancers-12-02330]\] show limitations due to the adaption of human tumor cells to the murine microenvironment and the replacement of human stromal components by murine equivalents \[[@B40-cancers-12-02330],[@B41-cancers-12-02330]\]. The costly and time-consuming implementation of other models such as humanized mouse models \[[@B42-cancers-12-02330]\] and orthotopic PDX models \[[@B43-cancers-12-02330]\] also remains sparse for HNSCC \[[@B44-cancers-12-02330]\].

Moreover, the engraftment of HPV-driven HNSCC compared to HPV non-driven HNSCC appears to be complicated as reported in various studies \[[@B18-cancers-12-02330],[@B19-cancers-12-02330]\].

Another challenge of PDX models is the lack of a functional human immune system. The humanized mouse model may overcome this limit \[[@B42-cancers-12-02330]\] but makes its implementation costly and time consuming \[[@B39-cancers-12-02330]\].

One model to study the dissemination of tumor cells in a three-dimensional space is the recently introduced technique of organoid cultivation. However, data on HNSCC and organoids are sparse \[[@B12-cancers-12-02330]\] and Roerink et al. showed a mutational diversification between the primary tumor and its organoids, as well as between different organoids, deriving from the same tumor in colorectal adenocarcinoma \[[@B45-cancers-12-02330]\]. Moreover, the organoid model lacks the ability to depict tumor--stroma interaction and therefore misses displaying the influence of the immune system \[[@B46-cancers-12-02330]\]. Overall, there is an urgent need for a suitable preclinical model for HNSCC that maintains the architecture and the microenvironment of the tumor, is reasonably time- and cost-effective, and thus can be widely implemented, that overcomes the difficulty of culturing non-HPV-driven HNSCC and that can be used to assess long-term treatment effects.

In our study, cell heterogeneity and microenvironment, including vital immune cells, are maintained in the 3D-OTC model. Samples were taken into culture immediately after surgical intervention without any long-lasting time delay and remained viable for up to 21 days, measured by constant expression of PanCK and ki-67. Apoptotic rates also remained stable over time.

Immune cells depicted by CD45 immunohistochemistry were observed in tumor and stroma up to day 21 indicating that 3D-OTC is suitable to monitor tumor--immune interactions over time which is of particular interest for capturing current immunotherapy approaches. The model is also appropriate for addressing the impact of the TME on tumoral features. We were able to detect CAFs in representative primaries and 3D-OTCs of all three growth patterns and from both HPV-driven and non-HPV-driven subgroups for up to 21 days.

Although it was possible to culture the samples of HPV-driven HNSCC up to day 21, two samples showed decreased levels of p16INK4a expression at day 14, when compared to the primary tumor at day 0. This loss of expression might be explained by the clonal expansion and selection of tumor cells in the course of cultivation. Moreover, one of the samples, HNSCC5, showed a decreased amount of cancer cells on day 14. Establishing 3D-OTCs from HPV-driven OPSCC appears to be a challenging task, which is in line with our findings concerning the establishment of HPV-driven HNSCC cell lines and PDX models \[[@B16-cancers-12-02330],[@B17-cancers-12-02330],[@B18-cancers-12-02330],[@B19-cancers-12-02330]\]. However, the success rate of culturing those HPV-driven HNSCC with the 3D-OTC model seems to be higher compared to the establishment of cell lines \[[@B17-cancers-12-02330],[@B37-cancers-12-02330]\] and engraftment rate of PDX \[[@B18-cancers-12-02330],[@B19-cancers-12-02330]\].

Distinct growth patterns were observed in the 3D-OTC model, namely invasive, expansive and silent considering cancer cell motility and invasion, most likely reflecting the heterogeneity of non-HPV induced HNSCC. Invasion patterns at the invasive tumor front have been shown to affect the clinical outcome of HNSCC patients \[[@B47-cancers-12-02330],[@B48-cancers-12-02330],[@B49-cancers-12-02330]\].

Interestingly, the 3D-OTC of the only patient in our cohort suffering from a relapse during follow-up exhibited an invasive growth pattern which might reflect a more aggressive tumor biology. However, due to the small sample size and the rather short follow-up periods, the significance of this finding is limited. Still, if addressed in larger cohorts the 3D-OTC model could pave the way to better understand patterns of cancer cell invasion in a spatial and temporal manner.

The 3D-OTC model enables a more detailed analysis of temporal and spatial response to therapy as exemplified by fractionated IR. There were varying responses characterized by different expression levels of cleaved caspase-3 after five consecutive irradiations. It is known that HNSCC responds rather heterogeneously to standard therapy such as radiation and that HPV-induced HNSCC responds with increased apoptotic rates to radiotherapy compared to non-HPV-driven HNSCC \[[@B50-cancers-12-02330]\]. Our experimental results depict an increase in the expression of cleaved caspase-3 as a marker for apoptosis in only two of five samples after fractionated IR, with both of these tumors being HPV-driven. Interestingly, the non-apoptotic cells of these samples were clustered together. This result might indicate clonally expanding tumor cells. As the number of radiation-treated samples is small, these results may not enable significant deductions but indicate consistency with the current state of knowledge. Thus, we postulate its feasibility of further treatment testing for HNSCC with the 3D-OTC model, including chemotherapy medication as well as immunotherapy. Although we only used samples from primary tumor resections, this model could be of great value for biopsies from patients with unresectable HNSCC in order to assess the patients' individual risks and stratify them for different treatment regimens.

In summary, 3D-OTCs is a cost-efficient assay to cultivate HNSCC and mimic the response to standard therapy such as irradiation without time delay. Cancer cell dissemination can be detected presumably allowing risk assessment of the individual patient by evaluation of distinct invasion patterns. Moreover, it will eventually enable us to further investigate a resistant subpopulation of tumor cells after treatment. Contamination issues could be minimized by the application of sterile devices during the culturing process. We conclude that the 3D-OTC model is ideally suited to cultivate and examine morphology, invasion, proliferation and apoptosis in non-HPV-driven HNSCC. In HPV-driven HNSCCs, heterogeneous p16^INK4a^ expression indicated a clonal outgrowth although continuous proliferation and apoptosis were detectable, and this observation will be addressed in further HPV-related studies in the future.

5. Conclusions {#sec5-cancers-12-02330}
==============

As there is an unmet need for preclinical HNSCC models, especially for non-HPV-driven tumors, which are characterized by poor clinical outcome, we consider the 3D-OTC model to be ideally suited to mimic the tumor in its entirety and to test individual long-term tumor responses to standard treatment or targeted therapies. The model may serve as a promising tool for risk assessment and for patient stratification.
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The following are available online at <https://www.mdpi.com/2072-6694/12/8/2330/s1>, Figure S1. Specimen origin and experimental setting. (A) Depiction of specimen origin, HPV status, treatment with fractionated IR and growth pattern of 3D-OTC. (B) Details of HPV status and time in culture of 3D-OTC. Abbreviations: IR, irradiation; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture, Figure S2. Visualization of apoptosis at different time points. Representative images of immunohistochemistry with an anti-cleaved caspase-3 antibody of two different non-HPV-driven 3D-OTC cultures (*b*--*c* and *e*--*f*) and matching primary tumors (*a* and *d*) for visualization of apoptosis. HNSCC12 shows low levels of apoptotic cells in the primary with a slight increase during cultivation (see black arrowheads). HNSCC11, constantly low expression of cleaved caspase-3 presents in the primary tumor and in 3D-OTC cultures. Abbreviations: HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture, Figure S3. (A) IHC with an anti-ki-67-antibody of three different HPV-driven 3D-HNSCC-OTC (*b*--*c*, *e*--*f*, *h*--*i*) for the indicated time points and according primaries (*a*, *d*, *g*). (B) Boxplot of ki-67 proliferation indices of primaries and 3D- OTCs on day 7, 14, and 21 of all HPV-driven HNSCC. (C) Mean values of ki-67 proliferation indices of all primaries and 3D-OTCs on day 7, 14, and 21 of all HPV-driven HNSCC. Error bars indicate standard errors of the mean. Abbreviations: IHC, immunohistochemistry; HNSCC, Head and neck squamous cell carcinoma; 3D-OTC, 3D organotypic co-culture, Figure S4. IHC with an anti-cc-3 antibody of three HPV-driven 3D-HNSCC-OTC on day 14 (*b*, *d*, *f*) and according primaries (*a*, *c*, *e*). HNSCC9 and HNSCC10 present an increase of cc-3 expression in 3D-HNSCC-OTC, compared to their primary. HNSCC13 maintains stable expression of cc-3 during culture. Abbreviations: IHC, immunohistochemistry; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; cc-3, cleaved caspase-3, Figure S5. Co-immunofluorescence staining with an anti-PanCK-antibody (green), an anti-vimentin-antibody (red) and DAPI (blue) (*a*--*b*; *d*--*e*) and H/E staining (*c*, *f*) of two different HPV-driven 3D-OTC on day 14. HNSCC8 presents an expansive growth pattern, white arrowheads (a) indicate the MF, HNSCC13 shows a silent growth pattern. Abbreviations: PanCK, pan-cytokeratin; H/E, Hematoxylin/eosin; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; MF, migration front, Figure S6. Diagram showing treatment with fractionated IR. After 5 days in culture 5 HNSCC-OTC were irradiated with 2 Gy on 5 consecutive days followed by 3 holidays before being harvested on day 14. Controls were mock-treated. Abbreviations: IR, irradiation; HNSCC, head and neck squamous cell carcinoma; 3D-OTC, 3D organotypic co-culture, Figure S7. Selection of representative images of H/E, IF and IHC with indicated antibodies of one 3D-OTC, which was cultured for 14 days and treated with mock irradiation (*a*--*g*) or a fractionated irradiation scheme (*h*--*n*), in order to depict radiogenic impact. PanCK-vimentin-Co-IF reveals a reduction of layering in the migration front after fractionated irradiation (see yellow flashes) in comparison to the untreated sample. ki-67-IHC detects stable postradiogenic proliferation and IHC while cleaved caspase-3 shows heterogenous expression in the mock-treated and fractionated irradiated OTC. Apoptotic tumor cells (see red arrowhead) and those, not undergoing apoptosis (see black arrowhead). Abbreviations: H/E, hematoxylin/eosin; IF, immunofluorescence; IHC, immunohistochemistry; 3D-OTC, 3D organotypic co-culture; PanCK, pan-cytokeratin; IR, irradiation, Figure S8. Impact of fractionated irradiation on apoptosis. Representative pictures of IHC with an anti-cc-3 antibody on 3D-OTC (all on day 14) of two different tumors; mock-(*a* and *c*) and matching fractionated-irradiated samples (*b* and *d*), respectively. HNSCC11 shows similar intensity and distribution of the cc-3 signal in the untreated OTC as well as after fractionated IR. Increasing cc-3 expression of fractional irradiated HNSCC13 compared to the mock-treated correlate. Abbreviations: IHC, immunohistochemistry; cc-3, cleaved caspase-3; 3D-OTC, 3D organotypic co-culture; IR, irradiation, Figure S9. Representative pictures of co-IF staining for vimentin (red), ∝SMA (green) and DAPI (blue) of non-HPV-driven HNSCC1 (invasive type) and two HPV-driven HNSCC (HNSCC9; expansive type and HNSCC13; silent type in 3D-OTC on day 14 (*c*, *d*, *e*) and according primary tumor (*a*, *c*, *e*). Respective samples show a similar amount of ∝SMA positive cells in all primaries and according 3D-OTC on day 14. Abbreviations: IF, immunofluorescence; ∝SMA, ∝smooth muscle actin; HPV, human papillomavirus; HNSCC, Head and neck squamous cell carcinoma. Table S1. Currently available preclinical models for HNSCC. Abbreviations: HNSCC, Head and neck squamous cell carcinoma; HPV, human papillomavirus, Table S2. Primary and secondary antibodies for IHC and IF, Table S3. Clinical data and follow ups of patient collective.
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![Workflow of the experimental setting. After surgical resection (step 1), vital tumor tissues were examined by a pathologist macroscopically and/or by frozen section technique (step 2) and cut into 2--3-mm-thick slides. Samples were placed on top of the prepared DE (step 3) and kept in culture for up to 21 days (step 4), further harvested, formalin-fixed and paraffin-embedded (step 5). Tissue sections were analyzed by H/E staining and immunohistochemical staining (step 6, 7). When clinical correlation with large cohorts is provided, the 3D-OTC-model offers the perspective of sensitivity drug testing and/or studying the effects of irradiation in order to improve HNSCC patient care. Abbreviations: 3D-OTC, 3D organotypic co-culture; HNSCC, head and neck squamous cell carcinoma.](cancers-12-02330-g001){#cancers-12-02330-f001}

![Morphology and PanCK-immunohistochemistry of two non-HPV-driven 3D-OTCs. An anti-PanCK antibody was used to visualize the amount and spatial distribution of PanCK-positive cancer cells (brown signal). For visualization of cellular integrity, details in 16-fold higher magnification are shown for each sample (**A**). Scale Bar in images with lower magnification: 4 mm, and higher magnisfication: 100 µm. (**B**) H/E staining of the according samples. Scale bar: 20 µm. (**C**) Mean values of tumor cell proportion of all primaries and 3D-OTCs on day 7, 14, and 21 of all non-HPV-driven HNSCC. Error bars indicate standard errors of the mean. Abbreviations: PanCK, pan-cytokeratin; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; H/E, hematoxylin and eosin. HNSCC, head and neck squamous cell carcinoma.](cancers-12-02330-g002){#cancers-12-02330-f002}

![(**A**) Representative pictures of immunohistochemical staining with an anti-ki-67 antibody from three non-HPV-driven 3D-OTCs (b--f,h,i), kept in culture for the indicated periods of time, and corresponding primary tumors (a,d,g) to assess proliferation. HNSCC7 shows strong ki-67 expression in the primary (a). The proliferation index is only minorly reduced up to day 21 (b--d). HNSCC11 presents constant proliferation indices of proliferating tumor cells in primary (e) and 3D-OTCs \[[@B19-cancers-12-02330]\]. Ki-67 expression in HNSCC1′ primary is moderate (h) and presents with a visible decrease of the proliferation index up to day 14 (i,j). Scale Bar: 20 µm. (**B**) Boxplot of ki-67 proliferation indices of primaries and 3D-OTCs on day 7, 14, and 21 of all non-HPV-driven HNSCC. (**C**) Mean values of ki-67 proliferation indices of all primaries and 3D-OTCs on day 7, 14, and 21 of all non-HPV-driven HNSCC. Error bars indicate standard errors of the mean. Abbreviations: HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; HNSCC, head and neck squamous cell carcinoma.](cancers-12-02330-g003){#cancers-12-02330-f003}

![Visualization of distinct tumor growth patterns by H/E staining, IHC, and IF. (**A**) Representative pictures of three different non-HPV-driven 3D-OTCs; culture duration and staining with H/E and IF as indicated in order to visualize growth patterns of the individual sample. HNSCC11 does not show migration or invasion. Tumor cells of HNSCC2 migrate horizontally on top of the dermal equivalent. HNSCC1 presents expansively growing tumor cells on top as well as few detached clusters of tumor cells in the DE on day 7 (i--l; white arrowhead), which impose in larger size and number on day 14 (m--p; yellow arrowheads). Scale Bar: 200 µm (a,e,I,m), 50 µm(b--d,f--h,j--l,n--p). (**B**) IF and IHC with indicated antibodies of two 3D-OTCs at different timepoints. HNSCC12, classified as expansively growing, shows a one-layered migration front (q) and strong proliferation (r,s: black arrowheads). HNSCC7, classified as invasive, presents strong ki-67 expression at the invasive tumor front on day 14 (x,u: red arrowheads) and tumor bulks that invade the DE (w: white flashes), containing high ki-67 levels (x,y). Scale Bar: 50 µm (q,r,t,u,w,x) and 20 µm (s,v,y). Abbreviations: H/E, hematoxylin and eosin; IHC, immunohistochemistry; IF, immunofluorescence; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; DE, dermal equivalent; HNSCC, head and neck squamous cell carcinoma.](cancers-12-02330-g004){#cancers-12-02330-f004}

![Representative pictures of co-IF staining for vimentin (red), ∝SMA(green) and DAPI of non-HPV-driven HNSCC7 (invasive type) in 3D-OTC (**e***--***m**) and primary tumor (**a**--**c**) as well as an exemplarily overview scan of an IHC staining for PanCK of the according 3D-OTC on day 7 (**d**), that illustrates the localization within the 3D-HNSCC-OTC of the IF images shown below. While (**e**,**h**,**k**) show an overview, (**f**,**i**,**l**) depict in higher magnification the transition of the tumor, planted on top of the DE, and the DE. The border of both compartments is indicated by dotted lines. (**g**,**j**,**m**) show the intratumoral proportion. The primary tumor shows heterogenous ∝SMA expression in different regions (**b**,**c**) and ongoing ∝SMA expression can be detected in intratumoral fibroblasts for up to 21 days in 3D-OTC (**g**,**j**,**m**). The fibroblasts within the DE do not express ∝SMA, but only vimentin on day 7 (**e**,**f**) and day 14 (**h**,**i**). On day 21, those fibroblasts in the DE, that are in direct contact to the ITF, start to express ∝SMA (**l**, see white arrowheads). Scale Bar: 4 mm (**d**); 50 µm (**a**,**e**,**h**,**k**) and 20 µm (**b**,**c**,**f**,**g**,**i**,**j**,**l**,**m**). Abbreviations: IHC, immunohistochemistry; IF, immunofluorescence; ∝SMA, ∝smooth muscle actin; PanCK; pan-cytokeratin; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; DE, dermal equivalent; HNSCC, head and neck squamous cell carcinoma; ITF, invasive tumor front.](cancers-12-02330-g005){#cancers-12-02330-f005}

![(**A**) Images of IHC with an anti-CD45 antibody. Scoring scale for semiquantitative analysis of immune cell proportion. (a) is negative (0) for CD45, (b) shows low expression (1), (c) moderate expression (2) and d high expression (3) of CD45. (**B**) Representative images of IHC staining of two non-HPV-driven 3D-OTC on day 21 (f,h) and respective primary tumors (e,g) to identify immune cells. HNSCC7 and HNSCC12 show a comparable immune cell proportion. (**C**) Representative images of IHC staining of two HPV-driven 3D-OTC on day 21 (j,l) and respective primary tumors (i,k). HNSCC8 and HNSCC9 show comparably high amounts of immune cells in primaries and 3D-OTC. (**D**) Mean values of scores for CD45-positive, nuclei-positive cells of primaries and 3D-OTCs on day 7, 14, and 21 of all non-HPV-driven HNSCC. Error bars indicate standard errors of the mean. (**E**) Mean values of scores for CD45-positive, nuclei-positive cells of primaries and 3D-OTCs on day 7, 14, and 21 of all HPV-driven HNSCC. Error bars indicate standard errors of the mean. Scale Bar: 50 µm. Abbreviations: HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; HNSCC, head and neck squamous cell carcinoma; IHC, immunohistochemistry.](cancers-12-02330-g006){#cancers-12-02330-f006}

![(**A**) H/E staining of three different HPV-driven 3D-HNSCC-OTC (b--f,h,i) and corresponding primaries (a,d,g). HNSCC4 maintains its tumorous morphology. HNSCC5 shows few remaining tumor cells on day 14 (f: black arrowheads) and HNSCC10 presents an altered morphology. Scale Bar: 20 µm. (**B**) Co-immunofluorescence staining with an anti-PanCK-antibody (green), an anti-vimentin-antibody (red), and DAPI (blue) of the samples presented in (**A**), confirming the observations. Scale Bar: 20 µm. (**C**) Mean values of tumor cell proportion of all primaries and 3D-OTCs on day 7, 14, and 21 of all HPV-driven HNSCC. Error bars indicate standard errors of the mean. Abbreviations: H/E, hematoxylin/eosin; HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; PanCK, pan-cytokeratin.](cancers-12-02330-g007){#cancers-12-02330-f007}

![Representative images of an IHC, performed with an anti-p16^INK4a^-antibody, of all six cultured HPV-driven 3D-OTC on day 14 (**b**,**d**,**f**,**h**,**k**,**n**), according primaries (**a**,**c**,**e**,**g**,**j**,**m**) as well as according 3D-OTC on day 14, treated with fractionated irradiation (IR) (**i**,**l**,**o**). While p16^INK4a^ was stably expressed in unirradiated HNSCC4, 5, 10, and 13 up to day 14, there was a strong decrease of expression in HNSCC8 and 9. P16^INK4a^ expression does not differ between irradiated and non-irradiated 3D-OTC on day 14. Scale Bar: 100 µm. Abbreviations: HPV, human papillomavirus; 3D-OTC, 3D organotypic co-culture; IR fractionated irradiation.](cancers-12-02330-g008){#cancers-12-02330-f008}
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